Topological states of quantum matter have attracted great attention in condensed matter physics and materials science. The study of time-reversal-invariant topological states in quantum materials has made tremendous progress. However, the study of magnetic topological states falls much behind due to the complex magnetic structures. Here, we predict the tetradymite-type compound MnBi2Te4 and its related materials host topologically nontrivial magnetic states. The magnetic ground state of MnBi2Te4 is an antiferromagetic topological insulator state with a large topologically non-trivial energy gap (∼ 0.2 eV). It is the parent state for the axion state, which has gapped bulk and surface states, and the quantized topological magnetoelectric effect. The ferromagnetic phase of MnBi2Te4 might lead to a minimal ideal Weyl semimetal which has never been discovered in real materials. We further present a simple and unified continuum model to capture the salient topological features of this kind of materials.
The recent discovery of the time-reversal-invariant (TRI) topological insulator [1] [2] [3] [4] brings the opportunity to realize a large family of exotic topological phenomena through magnetically gapping the topological gapless surface states . Tremendous efforts have been made to introduce magnetism into TRI topological insulators. Most successful example is the first realization of the quantum anomalous Hall (QAH) effect in Cr-doped (Bi,Sb) 2 Te 3 topological insulator thin films [28, 37, 38] . Aside from the dilute magnetic topological insulators, intrinsic magnetic materials expect to provide a clean platform to study magnetic topological states with new interesting topological phenomena. Some magnetic topological states have been theoretically proposed [39] , such as antiferromagnetic topological insulator [29] , dynamical axion field [40] , magnetic Dirac semimetal [32, 33, 41, 42] , and magnetic Weyl semimetals [30, 31, 43] . Unfortunately, none of them have been realized in experiments. Therefore, realistic magnetic topological materials are highly desired. The class of MnBi 2 Te 4 materials predicted in this Letter provide an ideal platform for emergent magnetic topological phenomena, such as, the antiferromagnetic topological insulator, the topological axion state with quantized topological magnetoelectric effect, the minimal ideal Weyl semimetal, the QAH effect, twodimensional ferromagnetism and so on.
Electronic structure.
The tetradymite-type compounds XA 2 B 4 , also written as XB·A 2 B 3 with X = Ge, Sn, Pb or Mn, A = Sb or Bi, and B = Se or Te, crystallize in a rhombohedral crystal structure with the space group D 5 3d (No. 166) with seven atoms in one unit cell. We take MnBi 2 Te 4 as an example, which has been successfully synthesized in experiments [44] . It has layered structures with a triangle lattice, shown in Fig. 1 . The trigonal axis (three-fold rotation symmetry) is defined as the z axis, a binary axis (two-fold rotation symmetry) is defined as the x axis and a bisectrix axis (in the reflection plane) is defined as the y axis for the coordinate system. The material consists of seven-atom layers (e.g. Te1-Bi1-Te2-Mn-Te3-Bi2-Te4) arranged along the z direction, known as a septuple layer, which could also be simply viewed as the intergrowth of (111) plane of rock-salt structure MnTe within the quintuple layer of topological insulator Bi 2 Te 3 (see Fig. 1a and c) [10] . The coupling between different septuple layers is the van der Waals type. The existence of inversion symmetry, with the Mn site as the inversion center, enables us to construct eigenstates with definite parity.
Based on first-principles calculations, we find that each Mn atom in MnBi 2 Te 4 tends to lose two electrons and have half filled d orbitals. We performed total energy calculations for different magnetic phases for the three-dimensional MnBi 2 Te 4 , and the results are listed in Fig. 1(e) , showing that the A-type antiferromagnetic phase with the out-of-plane easy axis, denoted as AFM1 (seen in Fig. 1(a) ), is the magnetic ground state. It is ferromagnetic within the xy plane in each septuple layer, and antiferromagnetic between neighbor septuple layers along the z direction, consisting with the previous report [45] . The total energy of the A-type antiferromagnetic phase AFM2 with the in-plane easy axis is slightly higher than that of AFM1, and much lower than that of ferromagnetic phase FM1 with the out-of-plane easy axis, which indicates that the magnetic anisotropy is weaker than the effective magnetic exchange interaction between Mn atoms in neighbor septuple layers. The ferromagnetic phase FM2 with in-plane easy axis has the highest energy. In the following discussion, we would focus on the AFM1 arXiv:1808.08014v4 [cond-mat.mes-hall] 6 Nov 2018 (the magnetic ground state) and FM1 (possibly realized through an external magnetic field) states.
Firstly we investigate the magnetic ground state with the AFM1 order. The band structures of AFM1 state without and with spin-orbit coupling (SOC) are shown in Fig. 2 (a) and 2(b), respectively. The time-reversal symmetry Θ is broken, however, a combined symmetry S = Θτ 1/2 is preserved, where τ 1/2 is the half translation operator connecting nearest spin-up and -down Mn atomic layers, marked in Fig. 1(a) . The antiunitary operator S could also lead to a Z 2 topological invariant [29] , which is well defined on the Brillouin-zone plane with k · τ 1/2 = 0. One can see an anti-crossing feature around the Γ point from the band inversion, suggesting that MnBi 2 Te 4 might be topologically nontrivial. Since the inversion symmetry I is still preserved in this case, the parity is well defined at time-reversal-invariant momenta (TRIM) in the Brillouin zone, and the Fu and Kane method [46] can be employed to calculate the Z 2 invariant. Here we only need consider the four TRIM (Γ and three F ) withḠ·τ 1/2 = nπ. As expected, by turning on SOC, the parity of one occupied band is changed at Γ point from the band inversion between the |P 1 + z of Bi and the |P 2 − z of Te, schematically shown in Fig. 2(d) , whereas the parity remains unchanged for all occupied bands at the other three momenta F (see Fig. 2 (e)), so the Z 2 invariant is obtained to be 1. We also employ the Willson loop method [47] to confirm the Z 2 invariant in Fig. 2 (f), concluding that antiferromagnetic MnBi 2 Te 4 is an antiferromagnetic topological insulator with Z 2 = 1. Especially, a large energy gap of about 0.2eV is obtained in Fig. 2(b) .
The existence of topological surface states is one of the most important properties of the topological insulators. However, the topological insulator state in antiferromagnetic MnBi 2 Te 4 protected by S symmetry is topological in a weaker sense than the strong topological insulator protected by Θ symmetry, which manifests in that the existence of gapless surface state depends on the surface plane. As shown in Fig. 4 (a) and 4(c), there is gapped surface states on the (111) surface accompanied by a triangular Fermi surface, for S symmetry is broken. Only on the S symmetry preserving surfaces such as (011) surface, the gapless surface states are topological protected. As shown in Fig. 4 (b), topological surface state forms a single Dirac-cone-type dispersion at the Γ point on the (011) surface.
For the FM1 state of MnBi 2 Te 4 , the band structures without and with the SOC effect are shown in Fig. 3 . When the SOC effect is included, MnBi 2 Te 4 is a ferromagnetic insulator with the experimental lattice constants (a 0 , c 0 ), shown in Fig. 3(b) . Interestingly, we find that the band structure is sensitive with the lattice constants. When we slightly extend the lattice constants, it first becomes a type-II Weyl semimetal with (1.005a 0 , 1.005c 0 ) and then becomes a minimal ideal Weyl semimetal with (1.01a 0 , 1.01c 0 ), hosting two Weyl points at the Fermi level without other bulk bands mixing, shown in Fig. 3(c)-(d) . This is the first minimal ideal Weyl semimetal discovered in realistic materials. The Willson loop calculations, shown in Fig. 3 (e) and 3(f), suggest that the Chern number C = 1 at the k z = 0 plane, and C = 0 at the k z = π plane, which is consist with the ideal Weyl semimetal band structure in Fig. 3(d) . Furthermore, the surface states of FM1 state on different typical surfaces are calculated. In Fig. 4(d) , bulk states projected on the (111) surface have no energy gap, for the two Weyl points are exactly projected to the surfaceΓ point. In Fig. 4 (e) and 4(f), one can clearly see the surface Fermi arcs connecting to the two ideal Weyl points separated by (∼ 0.06Å −1 ). Low-energy effective model. As the topological nature is determined by the physics near the Γ point, a simple effective Hamiltonian can be written down to characterize the low-energy long-wavelength properties of the system. We start from the four low-lying states |P 1 + z , ↑ (↓) and |P 2 − z , ↑ (↓) at the Γ point. Here the superscripts '+', '−' stand for the parity of the corresponding states. Without the SOC effect, around the Fermi energy, the bonding state |P 1 + z of two Bi layers stays above of the antibonding state |P 2 − z of two Te layers (Te1 and Te4 in septuple layers). As shown in Fig. 2(d) , the SOC mixes spin and orbital angular momenta while preserving the total angular momentum, and |P 1 + z , ↑ (↓) state is pushed down and the |P 2 − z , ↑ (↓) state is pushed up, leading to the band inversion and parity exchange. In the nonmagnetic state, the important symmetries of the system are time-reversal symmetry Θ, inversion symmetry I, three-fold rotation symmetry C 3z along the z axis and two-fold rotation symmetry C 2x along the x axis. In the basis of (
, the representation of the symmetry operations is given by Θ = 1 2×2 ⊗ iσ y K, I = τ z ⊗ 1 2×2 , C 3z = exp(1 2×2 ⊗ i(π/3)σ z )) and C 2x = exp(τ z ⊗ i(π/2)σ x )), where K is the complex conjugation operator, σ x,y,z and τ x,y,z denote the Pauli matrices in the spin and orbital space, respectively. By requiring these four symmetries and keeping only the terms up to quadratic order in k, we obtain the following generic form of the effective Hamiltonian for nonmagnetic state
. The FM1 state breaks Θ and C 2x but preserves the combined C 2x Θ, therefore the effective Hamiltonian for FM1 is obtained by adding perturbative term δH FM1 (k) respecting the corresponding symmetries into H NM (k), which is
where M 1,2 (k) = M α (k) ± M β (k), and M j (k) = M j 0 + B j 1 k 2 z + B j 2 (k 2 x + k 2 y ) with j = α, β. By fitting the energy spectrum of the effective Hamiltonian with that of the first-principles calculation, the parameters in the effective model can be determined, which can be found in the Supplementary Material [48] . The M 1,2 terms characterize the Zeeman coupling with the magnetized Mn orbitals, and in general M 1 = M 2 denotes the different effective g-factor of |P 1 + z , ↑ (↓) and |P 2 − z , ↑ (↓) . The AFM1 state breaks Θ but preserves S = 1 2×2 ⊗ iσ y Ke ik·τ 1/2 , and the unit cell doubles compared to FM1 state. One can construct the effective Hamiltonian for AFM1 from the model for FM1 state by considering two septuple layers with opposite magnetization, which will include eight bands. For simplicity, we obtain the fourband model similar to the above analysis. From band structure analysis, the four bands close the Fermi energy in the AFM1 state are the new bonding state |P 1 + z , ↑ (↓) of four Bi layers and the antibonding state |P 2 − z , ↑ (↓) of four Te layers (two Te1 and two Te4 in neighboring septuple layers). In the basis of (
, by requiring the symmetries I, C 3z and S, we get the effective Hamiltonian for AFM1 which has the same expression as H NM (k) but with different parameters, namely
. The fitting parameters are listed in the Supplementary Material [48] . We notice that M 0 < 0 and B 1 , B 2 > 0, which correctly characterizes the band inversion around k = 0 and the topologically nontrivial nature of the system. The formation of the model in Eq. (3) is the same as that for topological insulator in Bi 2 Se 3 [10] .
Axion state and topological response. Such axion state has gapped bulk and surface states, and nonzero topological electromagnetic response described by the topological θ term,
Here, E and B are the conventional electromagnetic fields inside the insulator, α = e 2 / c is the fine-structure constant, e is the charge of an electron, and θ is the dimensionless pseudoscalar parameter describing the axion insulator. The axion state can be obtained by gapping all the S-preserving surfaces from AFM1 MnBi 2 Te 4 , which can be simply obtained by growing realistic materials without any S-preserving surfaces or applying a small in plane magnetic field. Physically, θ has an explicit microscopic expression of the momentum space Chern-Simons form [34, 49] 
where ∂ j = ∂/∂k j , A µ i (k) = −i u µ k |∂ i |u k is the momentum space non-abelian gauge field, with |u µ k and |u k referring to the periodic part of the Bloch function of the occupied bands. All physical quantities in the bulk depend on θ only modulo 2π. As θ is odd under time-reversal and parity operation, only time-reversaland parity-breaking perturbations can induce a change of θ. The Mn sites always act as the inversion center, therefore, θ of the axion state is the same as that of AFM1 state, where θ = π is guaranteed by the S symmetry. Such axion state emerged in MnBi 2 Te 4 provides an ideal platform for quantized topological magnetoelectric effect [34, 50] , which has not been experimentally observed, and is different from proposed axion state in the ferromagnet-topological insulator heterostructure where the gapless surface states on side surfaces are hard to eliminate [50] [51] [52] . Experimentally, such quantized topological magnetoelectric effect can be observed by measuring the induction of a parallel polarization current when an ac magnetic field is applied [50] , which is J = (θ/π)(e 2 /2h)(∂B x /∂t) d. Here, d and are the thickness and width of the MnBi 2 Te 4 sample. For an estimation, taking B x = B 0 e −iωt , B 0 = 10 G, ω/2π = 1 GHz, d = 50 nm, θ = π, and = 400 µm, we have J = −iJ 0 e −iωt with J 0 = 2.22 nA, in the range accessible by experiments.
It is worth mentioning that the Néel order in AFM1 state is essentially different from the Néel order in the dynamical axion field proposed in Ref. [40] . In the latter case, the Néel order breaks the time-reversal symmetry Θ and parity I, but conserves IΘ. The magnetic fluctuation of the Néel order leads to linear contribution to the fluctuation of axion field, and the static θ deviates from π. While in the case of AFM1 MnBi 2 Te 4 , the Néel order conserves both I and S, thus the static θ = π, and to the linear order, the magnetic fluctuation has no contribution to the dynamics of axion field.
Materials.
Other tetradymite-type compounds XBi 2 Te 4 , XBi 2 Se 4 and XSb 2 Te 4 (X = Mn or Eu), if with the same rhombohedral crystal structure, are also promising candidates to host magnetic topological states similar to MnBi 2 Te 4 . Actually, tetradymite-type compounds XB·A 2 B 3 belong to a large class of ternary chalcogenides materials (XB) n ·(A 2 B 3 ) m with X = (Ge, Sn or Pb), A = (Sb or Bi) and B = (Se or Te), most of which were found to be topological insulators [53] . Interestingly, (GeTe) n (Sb 2 Te 3 ) m and (GeTe) n (Bi 2 Te 3 ) m have been widely studied as phase change memory materials [54] . By tuning the layer index m and n, we can play with the crystal structure, the topological property, and the magnetic property of the series of materials (XB) n ·(A 2 B 3 ) m , which opens a broad way to study emergent phenomena of magnetic topological states.
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